INTRODUCTION
Recent geologic and geodetic data indicate that a zone of right-lateral shear within eastern California and western Nevada is an important component of deformation within the PacificϪNorth America plate boundary zone, accounting for ϳ24% of the total relative plate motion (Dokka and Travis, 1990b; Humphreys and Weldon, 1994; Sauber et al., 1994; Savage et al., 1990) . This zone, defined by Dokka and Travis (1990a) as the eastern California shear zone, extends from faults within the Mojave Desert northward to a zone of right-lateral strike-slip and normal faults east of the Sierra Nevada (Fig. 1A) . Dokka and Travis (1990a) suggested that activity within the eastern California shear zone began between 20 and 6 Ma, and possibly as late as 10-6 Ma.
In spite of its tectonic importance, the space-time evolution of much of the eastern California shear zone remains poorly characterized. For example, geologic data suggest that right-lateral shear east of the Sierra Nevada was concentrated along the Death Valley fault system prior to 1 Ma; estimated late Miocene to Pleistocene slip rates were Ն3.5 mm/ yr (Butler et al., 1988; Dokka and Travis, 1990a) . Fault scarps along the Death Valley fault system cut Holocene deposits (Butler et al., 1988; Wills, 1989; Brogan et al., 1991) , indicating that it is still active, but Holocene slip rates are unknown. Geologic studies show Holocene slip rates of ϳ2 mm/yr along the Owens Valley fault zone (Beanland and Clark, 1994 ) and a long-term slip rate of ϳ5 mm/yr since late Miocene time along the Fish Lake Valley fault zone. Estimated slip rates along the most active, central part of this fault zone are ϳ6Ϫ3 mm/yr from late Miocene to early Pleistocene time, ϳ11 mm/yr during middle Pleistocene time, and ϳ4 mm/yr (range of 1.9Ϫ9.3 mm/yr) since late Pleistocene time (Reheis and Sawyer, 1997) .
A viscoelastic coupling model of spacedbased geodetic data across the Owens Valley N fault zone and the Fish Lake Valley fault zone north of 37ЊN indicate present-day slip rates of 3.0 Ϯ 1.9 mm/yr and 8.4 Ϯ 2.0 mm/yr, respectively (Dixon, et al., 2000) . Both of these present-day slip rates are the same, within error, to geologically determined Holocene to late Pleistocene slip rates for these faults. In contrast, south of 37ЊN, an elastic halfspace model of geodetic data yields a summed slip rate of 5 Ϯ 1 mm/yr across the Death Valley and Hunter Mountain fault systems (Bennett et al., 1997) . These relations imply that deformation at the north end of the Owens Valley fault zone becomes more diffuse and/ or steps right onto the Fish Lake Valley fault zone (Dixon et al., 1995; Savage and Lisowski, 1984; Savage et al., 1990; Wang et al., 1994) .
There is an apparent paradox: geologic data require that the principal locus of shear averaged over the past few million years is the Death ValleyϪFurnace Creek fault zone. Yet conventional and space-based geodetic data suggest that the Fish Lake Valley fault zone is, at present, the principal locus of shear. A recently proposed model for the eastern California shear zone between lat 36Њ and 38Њ (Fig. 1A) explains this paradox by suggesting that the kinematic framework of this zone is changing very rapidly (Dixon et al., 1995) . In this kinematic model, the locus of right-lateral shear has shifted or is in the process of shifting from the southern Death Valley fault zone to the Owens Valley fault zone. Furthermore, the model suggests that northeast-striking, northwest-dipping normal faults, such as the Deep Springs fault, Eureka Valley faults, and Towne PassϪEmigrant fault system, transfer slip from the Owens Valley and Hunter MountainϪPanamint Valley fault zones to the northern Death ValleyϪFurnace Creek and Fish Lake Valley fault zones. This paper focuses on the Quaternary faulting and earthquake geology along one of these displacement-transfer normal faults, the Deep Springs fault, to assess its kinematic role in the evolution of the eastern California shear zone. We report on new detailed geologic mapping, structural, diffusion erosion modeling, and geochronologic investigations of the Deep Springs fault to characterize the geometry, kinematics, fault slip rate, and timing of fault motions.
GEOLOGY OF DEEP SPRINGS VALLEY

Regional Setting and Previous Work
The Deep Springs valley is an ϳ24-kmlong, closed basin located between the southern White Mountains and the northern Inyo Mountains (Fig. 1B) . The mountains surrounding the valley are underlain by deformed Precambrian to Cambrian sedimentary and metasedimentary rocks that were intruded by Jurassic granitic plutons. Tertiary basalt, tuff, and sedimentary rocks are exposed at the northern end of the valley. Quaternary alluvium and colluvium deposits cover the main part of the valley. Miller (1928) was the first to recognize the youthful nature of the Deep Springs fault, noting the presence of well-developed triangular facets, offset Quaternary lavas, fault scarps developed across alluvial fans, and river gravels and boulders exposed in the footwall of the Deep Springs fault. Miller interpreted the river gravels and boulders as the ancestral Wyman Creek draining eastward into Eureka Valley (Fig. 1B) . Lustig (1965) observed carbonate-cemented conglomerate in Soldier Pass, which he also interpreted to represent a former creek that drained eastward into Eureka Valley. Lustig (1965) likewise concluded that gravels south of Chocolate Mountain, first identified by Miller (1928) , contained lithologies exposed in the southern White Mountains, and therefore the gravel source was to the west. Nelson (1966a Nelson ( , 1966b and McKee and Nelson (1967) mapped the geology of the Deep Springs Valley region, but focused on the bedrock geology; their maps show that the Deep Springs fault cuts Quaternary deposits. Wilson (1975) completed geophysical studies (seismic refraction, gravity, and magnetic studies) across the northern edge of Deep Springs Lake. He concluded that plutonic rocks and Precambrian to Cambrian sedimentary rocks (i.e., basement) in the hanging wall are currently as much as 795 m below the present valley floor and that the fault dips ϳ40Њ-45Њ toward 295Њ. The footwall at Deep Springs Lake, underlain solely by granitic basement, rises about 870 m above the valley floor, yielding a minimum vertical offset of 1665 m across the fault. This estimate is compatible with a measurement of 1250-1450 m of stratigraphic throw of Cambrian strata across the Deep Springs fault located in the northern Inyo Mountains southwest of Deep Springs Lake (C. Nelson, 1996, personal commun.) . Bryant (1989) completed detailed reconnaissance of aerial photographs and some field checking along the Deep Springs fault. He noted additional geomorphic features, such as wineglass-shaped drainages, fault scarps in young alluvial fans, and vertically offset drainages, that point to a young age for the Deep Springs fault. Preliminary scarp degradation modeling of two young fault scarps, using the SLOPEAGE program of D.B. Nash, yielded a 1.5Ϫ6 ka age for the most recent displacement along the fault. Bryant (1989) estimated a minimum vertical slip rate of 0.24 mm/yr along the northern part of the Deep Springs fault on the basis of stream-rounded pumice fragments tentatively correlated to the Bishop Tuff found in the footwall south of Chocolate Mountain. Reheis and Sawyer (1997) identified three wind gaps containing well-rounded stream gravels in Deep Springs Valley. They confirmed the presence of the ancestral Wyman Creek and Soldier Pass drainage systems (i.e., Lustig, 1965; Miller, 1928) and identified a new ancestral drainage, Cottonwood Creek (Fig. 1) . On the basis of lithologies and topographic position, Reheis and Sawyer corroborated Miller's (1928) and Lustig's (1965) interpretation that these deposits were formed by streams flowing eastward from the southern White Mountains into Eureka Valley. Because the stream deposits in the ancestral Wyman and Cottonwood Creek wind gaps are overlain by reworked Bishop ash, Reheis and Sawyer (1997) concluded that movement along the Deep Springs fault was not sufficient to defeat the flow of these drainages until after the eruption of the Bishop Tuff (753 Ϯ 4 ka, see following). Assuming that the offset of stream gravels south of Chocolate Mountain is as much as twice their present-day Note: MSWD-mean square of weighted deviates; expresses the goodness of fit of the isochron. *Mineral separates were obtained using magnetic separatory methods, paper shaking, heavy liquids, and handpicking to Ͼ99% purity. 40 Ar/ 39 Ar samples 95Ϫ28, 95Ϫ37, and 95Ϫ66 were wrapped in copper foil, placed in evacuated quartz vials with flux monitor Fish Canyon Tuff sanidine (assumed age ϭ 27.8 Ma) and irradiated at the TRIGA reactor, Oregon State University. These samples were analyzed at the University of California, Santa Barbara, by step-heating or total fusion in a Ta crucible within a double-vacuum Staudacher-type resistance furnace, gettered by two SAES ST-172 porous getters and analyzed on a MAP 216 mass spectrometer fitted with a Baur-Signer source and a Johnston MM1 multiplier with a sensitivity of 2.0 ϫ 10 Ϫ14 moles/volt. Temperatures were monitored with a tungsten-rhenium thermocouple to Ϯ5 ЊC. Typical extraction line blanks vary from 2.0 ϫ 10 Ϫ16 moles 40 Ar at Ͻ1000 ЊC to 6.0 ϫ 10 Ϫ16 moles 40 Ar at 1300 ЊC. 40 Ar/ 39 Ar sample 95Ϫ5 was placed in a machined Al disc and irradiated, along with flux monitor Fish Canyon Tuff sanidine, at the Nuclear Science Center reactor, Texas A&M University. Sample was analyzed at New Mexico Bureau of Mines and Mineral Resources by step-heating in a Mo double-vacuum resistance furnace, gettered by 3 SAES GP-50 getters and a tungsten filament operated at ϳ2000 ЊC, and analyzed on a MAP 215Ϫ50 mass spectrometer on line with automated all-metal extraction system and a Johnston electron multiplier with a sensitivity of 2.21 ϫ 10 Ϫ16 moles/ pA. Temperature was monitored with a tungsten-rhenium thermocouple and the furnace system blank was 1.3 ϫ 10 Ϫ14 moles 40 Ar at Ͻ1300 ЊC. Errors reported are 1. See Hacker (1993) 
Methods of Study
Geologic mapping on 1:24 000 scale aerial photographs and topographic base, and locally on a 1:1000 scale topographic base created using a Wild total station, and standard stratigraphic and structural field investigations reported here were augmented with 40 Ar/ 39 Ar and radiocarbon geochronology and diffusion erosion modeling of the youngest fault scarps. Geochronology was used to date volcanic rocks and alluvial fan deposits and, along with diffusion erosion modeling, was used to date the timing of faulting and earthquake activity. Results of argon isotopic analyses are listed in Table 1 and results of radiocarbon analyses are listed in Table 2 , and age spectra are shown later in Figure 4 . Diffusion erosion modeling was completed on topographic profiles, measured using a Wild total station, of representative fault scarps. Results of diffusion erosion modeling are listed in Table 3 . Measured fault scarps are shown later in Figure 7 , and calculated age results are shown later in Figure 9 .
Rock Units and Ages
The basement exposed within the uplifted footwall of the Deep Springs fault consists of Jurassic monzonite plutonic rocks and deformed Precambrian to Cambrian sedimentary and metasedimentary rocks (Figs. 1B and 2A) (McKee and Nelson, 1967; Nelson, 1966a Nelson, , 1966b . Nonconformably overlying the basement at the northern end of the valley are late Miocene olivine to pyroxene ϩ olivine phyric basalt flows, which we informally refer to as Tertiary basalt, Tb, with hyaloclastite, basalt cinder, biotite ϩ sanidine ϩ quartz-bearing pumiceous rhyolite tuff, and granitic sand locally exposed at the base (Figs. 1B and 2A). K/Ar geochronology on whole-rock basalt yields an age of 10.8 Ma (Dalrymple, 1963) for this unit.
Exposed elsewhere at the northern end of the valley is a sedimentary section of wellbedded, granite-derived angular to subrounded, coarse sand supporting angular to subrounded quartzite and sandstone, metasedimentary, metavolcanic, granitic, vein quartz, and rhyolite tuff pebble-to bouldersized clasts, and distinctive, scarce, small euhedral, transparent, colorless quartz crystals, which nonconformably overlie basement (Figs. 1B and 2A) . Locally, the clast composition is solely limestone and dolomite. Approximately 140 m above the base of this unit is a ϳ5-10-m-thick distinct, white marker horizon composed of unwelded to partially welded, plagioclase-and quartz-bearing pumiceous tuff. Above the tuff is a tuffaceous sandstone composed of coarse sand and fine pebblesized vein quartz clasts. Exposed near the top of this section, east of Deep Springs College, are massive tephra deposits Ͼ1 m thick. Although the base and top of the tephra are covered by younger alluvium and colluvium, we infer that the tephra is conformable with the rest of the unit because it appears that the same tuffaceous and granite-derived sand- Note: Samples are listed in stratigraphic order. Reported 14 C ages use Libby's half-life (5568 yr). *Dendrochronogically calibrated calendar ages were calculated using Stuiver and Reimer (1993) , Method B, 20 yr. calibration curve, and 2 uncertainty. Calendar year ages are radiocarbon ages corrected for the reservoir effect (Stuiver and Pollach, 1977) and for these samples the calibration relies on radiocarbon dates from tree rings of known ages.
stones continue above the tephra. Exposures of this ϳ280-m-thick unit, informally referred to as TertiaryϪQuaternary sand,TQs, are both in the hanging wall and footwall of the Deep Springs fault east of Deep Springs College ( Figs. 2A and 3 ). In addition, in the footwall just south of Chocolate Mountain to Soldier Pass region, this unit includes deposits of rounded pebble-to boulder-sized granite, metasedimentary, metavolcanic, and volcanic clasts that also nonconformably overlie the basement. Because most of these deposits are in wind gaps, they have been interpreted as stream gravels exposed along the ancestral Wyman and Cottonwood Creeks and in Soldier Pass (Lustig, 1965; Miller, 1928; Reheis and Sawyer, 1997) (Figs. 1B and 2A) . Scarce exposures of cross-bedding and pebble imbrication indicate eastward transport, supporting the interpretations of Miller (1928) , Lustig (1965) , and Reheis and Sawyer (1997) that these ancestral drainages flowed eastward into Eureka Valley. Total fusion of single grains of sanidine from a subrounded, biotite, pumice, and lithic-bearing rhyolite tuff boulder (sample 95-66) ( Fig. 2A) 40 Ar/ 39 Ar step-heating experiment on a sanidine separate from the tephra exposed near the top of the unit and total fusion of a single sanidine grain from reworked tephra deposited upon gravel deposits along the Wyman ancestral creek (samples 95-28 and 95-37, respectively) ( Fig. 2A) Izett and Obradovitch, 1994) . These ages bracket the deposition of theTQs unit between middle Miocene and middle Pleistocene time.
Four distinct Pliocene (?) to Holocene alluvial fan deposits are exposed along the eastern side of Deep Springs Valley ( Fig. 2A) . Exposed at the southern end of the valley are unconsolidated fan deposits composed primarily of Precambrian quartzite boulders, informally termed boulder fanglomerate, Qbf, the source of which is due east in the footwall of the Deep Springs fault ( Fig. 2A) . This alluvial fan is largely deposited across and buries the southernmost exposures of the Deep Springs fault.
Remnants of a fan comprising weathered, subrounded to angular, poorly sorted, matrixsupported granitic clasts, referred to as Qf2, are exposed along the length of the Deep Springs fault. Clasts range in size from small cobbles to scarce 1 m boulders, and some exhibit incipient to moderate desert varnish on most surfaces. Weathered, angular, poorly sorted granitic silt to large pebbles compose the matrix. This alluvial fan is more dissected than Qf1 (see following).
The dominant alluvial fan deposits along the range front, referred to as Qf1, are generally coarse, granitic sand with lesser angular to subrounded granite-derived pebbles and boulders. A 1-cm-long piece of charcoal, found ϳ1 m below the surface of Qf1 west of Soldier Pass (sample 95-54c) ( Fig. 2A) , yields a radiocarbon age of 1.960 Ϯ 0.055 ka (calendar age range of 50 B.C.-A.D. 205), indicating that this fan is early Holocene in age ( Table 2 ). The youngest fault scarp developed along the Deep Springs fault cuts Qf1, indicating that this rupture event is younger than ca. 1.9 ka. Qf1 deposits interfinger with deposits of playa silt and clay, here called Qvf, and with fan gravel of mixed lithologies and sand derived from the southern flank of the White Mountains, here called Qfw.
Exposed along the range front to the southeast of Deep Springs College is a large, ϳ3 km 2 , landslide composed solely of granitic debris ( Fig. 2A) . The landslide exhibits a welldeveloped head scarp, transverse cracks, and hummocky topography. Here, the height of the Deep Springs fault escarpment above the valley floor is ϳ275 m, considerably less than to the south, where it is ϳ870 m. The relatively low height of the footwall is consistent with the landslide originating at the top of the escarpment. The landslide has been deposited across the Deep Springs fault, the most recent fault scarps, and Qf1, indicating that it is younger than ca. 1.9 ka. Narrow (to 30 m across) debris flows with well-defined levees, informally referred to as Qdf, are composed of angular to subangular granitic boulders typically 0.5 m across, but as much as 5 m across. Boulders are not varnished and are commonly light colored compared to their source, indicating relatively recent deposition. These debris flows are developed at the base of short, steep canyons in the footwall, and have been deposited across Qf1 and the youngest fault scarps developed along the Deep Springs fault. A piñon log (sample 95-78b) ( Fig. 2A ) deposited within Qdf yields a radiocarbon age of 0.445 Ϯ 0.055 ka (age range of A.D. 1405-1630), indicating that these deposits are younger than ϳ480 yr (Table 2) .
DEEP SPRINGS FAULT Fault Geometry and Geomorphology
The Deep Springs fault is a 26-km-long, predominantly north-northeastϪstriking, west-northwestϪdipping normal fault exposed along the eastern side of Deep Springs Valley (Figs. 1B and 2A) . Basement rocks are exposed primarily within the footwall of the fault and Quaternary alluvial fan deposits are exposed primarily in the hanging wall. The height of the footwall escarpment above the valley floor ranges from a maximum of ϳ870 m to the east of Deep Springs Lake to a minimum of ϳ145 m in the Soldier Pass region (Figs. 1B and 2A) . A relatively young age for the Deep Springs fault is indicated by (1) well-developed geomorphic features such as triangular facets and wineglass-shaped drainages; (2) fault scarps developed across young alluvial fans; (3) vertically offset drainages (Bryant, 1989; Miller, 1928) ; and (4) the steep escarpment, to 38Њ east and northeast of Deep Springs Lake.
The Deep Springs fault, which we define as the fault developed at the range frontϪpiedmont interface that typically juxtaposes Tertiary and Quaternary sediments in the hanging wall on basement in the footwall, or Quaternary sediments in the hanging wall on Quaternary sediments in the footwall, is characterized by multiple fault planes and fault scarps. Fault planes, located east of fault scarps, are commonly either poorly exposed or strongly weathered; easternmost fault scarps are relatively heavily vegetated and westernmost fault scarps appear fresh and less vegetated. Furthermore, older fault scarps or faults to the east displace bedrock and Qf2, but not Qf1 and younger deposits, whereas younger fault scarps to the west displace Qf1, but often not older deposits such as Qf2 (Fig.  2, B and C) . We interpret these relations to indicate that fault planes and fault scarps become progressively younger toward the sedimentary basin.
The oldest fault planes, exposed either within bedrock or at the bedrockϪalluvial fan interface, locally expose fault surfaces and fault striae. The dip of the fault plane varies from 20Њ to 87Њ to the west; the average orientation is N23E, 47NW (Fig. 5A) . Fault striations show a wider range in orientation and average N77E, 49SW (Fig. 5B) . These older faults are characterized by a zone, as wide as 5 m, of extensively sheared, crushed, and fractured granite, and a zone of granite-derived cataclasite and fault gouge as wide as 80 cm. Scarce exposures indicate that the fault zone is cemented with calcium carbonate, but striations defined by linear ridges of caliche were observed in only a couple of exposures. West of Soldier Pass and east of Deep Springs College, silica-rich fluids deposited quartz along the fault planes. The quartz displays well-developed polished fault planes and fault striations defined by small mullions and grooves. Locally, the quartz is extensively brecciated into centimeter-sized angular pieces. There are also scarce exposures of millimeter-to centimeter-wide seams or zones of pseudotachylyte developed within footwall granitic rocks. Where exposed along the fault plane, the pseudotachylyte is polished and contains welldeveloped striations defined by grooves and small mullions.
A number of approximately eastwestϪstriking, north-dipping cross-faults are exposed in the footwall in the Soldier Pass region, near the ancestral Wyman Creek wind gap, and Chocolate Mountain (Figs. 1 and 2) . At the north end of the valley, the Deep Springs fault splays into a number of northnorthwestϪ to SSEϪstriking normal faults.
These faults and associated fault striations show a range of orientations (Fig. 5) .
West-to northwest-dipping fault scarps are exposed along the length of the Deep Springs fault from north-northeast of Deep Springs College to southeast of Deep Springs Lake (Fig. 2A) . The youngest set of fault scarps appears to die out northward into the Miocene basalt field and southward into Qbf. The fault scarps develop at the alluvial fanϪbedrock interface, within Qf1 and Qf2 alluvial fan deposits, and within Qvf deposits. Thin (typically Ͻ1 m thick) colluvial deposits are along the base of the most recent fault scarps. These colluvial deposits are wedge shaped, indicating that they developed after the scarp-forming event. Surface offset or scarp offset (Fig.  6 ) ranges from 17.5 to 0.8 m and the scarp slope angle ranges from 8Њ to 37Њ. Two small grabens are to the east of Deep Springs College and along the eastern shoreline of Deep Springs Lake (Fig. 2, A and B) . The latter follows the contours of the toes of alluvial fan deposits where these deposits interfinger with lacustrine sand, silt, and clay deposits ( Fig.  2A) . The surface offset across the fault scarps that bound these grabens is as much as 16.6 m; the development of these scarps may have been enhanced by spreading due to liquefaction of the lacustrine deposits (Bryant, 1989; Wills, 1996) .
The Deep Springs fault can be subdivided into three geometric fault segments: south of Soldier Pass, Soldier Pass to west of Chocolate Mountain, and west of Chocolate Mountain northward (Figs. 1B and 2A) . The fault segment south of Soldier Pass exposes a fairly linear north-northeastϪstriking fault trace and a narrow fault zone typically defined by one or two subparallel faults and fault scarps. The central segment between Soldier Pass and west of Chocolate Mountain shows a change from the south in the Soldier Pass area, where the fault zone is a relatively wide zone defined by as many as seven, approximately northsouthϪstriking faults and fault scarps, to the north, where it is characterized by a relatively narrow zone defined by one to five subparallel faults and fault scarps with a strike of northnorthwest or northeast. The boundary between this segment and the one to the south is a cross-fault boundary (e.g., Machette et al., 1991) defined by two approximately eastwestϪstriking, north-dipping normal faults in the Soldier Pass region. The youngest fault scarps exposed in this segment ruptured across this boundary into the southern segment and ruptured ϳ0.5 km into the northern segment ( Fig. 2A) . The geometry of the northern segment is characterized by changes in fault strike, from east-northeast to northwest, and a broad zone of normal faults. The boundary between this segment and the one to the south is also a cross-fault boundary defined by an east-northeastϪstriking, north-dipping normal fault just south of Chocolate Mountain.
Fault Kinematics, Magnitude of Fault Slip, and Slip Rates
The geometry of faulting and the dip of bedding define extension direction. The normal faults along the east side of Deep Springs Valley strike predominantly north-northeast and dip west-northwest, and what little bedding is exposed predominantly dips eastnortheast to east-southeast, suggesting westnorthwestϪeast-southeast extension (Fig. 2) . Fault striations appear to indicate a small leftlateral component of slip along the Deep Springs fault (Fig. 5) ; however, because this data set is small, it most likely is not representative of the entire fault. Moreover, we do not observe any geomorphic evidence indicating a lateral component of slip, either along older faults or along younger fault scarps, suggesting a history of essentially dip slip along the Deep Springs fault.
The approximately west-northwestϪeast-southeast extension along the Deep Springs fault is transferred northeastward to the Fish Lake Valley fault zone along east-northeastϪstriking, left-lateral strike-slip faults (Reheis and Sawyer, 1997) (Fig. 1B) . To the southwest, the fault bends into a series of north-southϪ to north-northwestϪstriking, west-dipping normal faults developed within the Waucobi embayment along the western flanks of the White and Inyo mountains (Fig.  1B) .
We can estimate the magnitude and rate of fault slip along the southern and northern parts of the Deep Springs fault. East of Deep Springs College, a sequence of eastward tilted TQs with Bishop ash near its top nonconformably overlies Jurassic granite and has been offset across several faults of the Deep Springs fault zone, where fault dips range from 48Њ to 62Њ northwest ( Figs. 2A and 3) . We estimated the magnitude of extension by palinspastically restoring the apparent downdip displacement along faults across a cross section east of Deep Springs College (Fig. 3, A and B) . The magnitudes of horizontal extension since the eruption of the Bishop ash and tuff marker unit are ϳ500 m and ϳ505 m, respectively (Fig. 3, A and B) . The uncertainty associated with these measurements is difficult to quantify; however, we believe it is no greater than Ϯ5 m. Taking into account the uncertainties in age of the Bishop ash and the tuff marker unit yields a maximum and minimum horizontal extension rate of ϳ0.7 mm/yr and ϳ0.2 mm/yr, respectively, across the Deep Springs fault. Restoring bedding in the hanging wall and footwall to its original, approximately horizontal, orientation rotates the faults to a 73Њ-83Њ northwestward dip and yields vertical offsets across the faults of ϳ695 m (Bishop ash) and ϳ710 m (tuff marker bed). Vertical slip rates are ϳ0.9 mm/yr since eruption of the Bishop Tuff and ϳ0.2 mm/yr since the eruption of the tuff marker bed. These vertical slip rate estimates are maxima, because the fault and hanging wall and footwall blocks have rotated ϳ20Њ during slip. Our vertical slip rate estimates bracket the 0.3-0.5 mm/yr vertical slip rate estimate of Reheis and Sawyer (1997) . Reworked Bishop ash overlies stream deposits in the ancestral Wyman and Cottonwood Creek wind gaps, indicating that there was insufficient movement along the Deep Springs fault that blocked drainage flow prior to the eruption of the Bishop Tuff (Reheis and Sawyer, 1997), or that not much movement occurred along the fault prior to the eruption of the tuff. Therefore the ϳ0.7 mm/ yr and ϳ0.9 mm/yr horizontal and vertical slip rates, respectively, calculated here based on offset of the Bishop ash, are our preferred slip rate estimates for the northern part of the Deep Springs fault.
To the south, along the northern edge of Deep Springs Lake, the depth to basement in the hanging wall is ϳ795 m (Wilson, 1975) and the height of the escarpment is ϳ870 m, indicating a minimum vertical offset of 1665 m, at least 2.25 times that to the north. This implies that the vertical slip rate east of the lake is at least 2.25 times that to the north (i.e., ϳ2.0 mm/yr) or, if the vertical slip rate has remained constant along the length of the Deep Springs fault, then slip along this portion of the Deep Springs fault began ca. 1.7 Ma.
Morphologic Dating and Earthquake Magnitude
Recent fault scarps are well developed along the Deep Springs fault, particularly within unit Qf1 and at the interface between alluvial fan deposits and bedrock. Within alluvial fan deposits, present-day fault scarp angles range from 6Њ to 37Њ and measured scarp offsets range from 0.8 to 17.5 m. Those scarps with offsets Ͼϳ4-5 m exhibit more than one knickpoint in profile, suggesting that they preserve evidence for more than one event. The most recent set of fault scarps along the Deep Springs fault extends for ϳ20 km from the southern margin of Deep Springs Lake to southwest of Chocolate Mountain (Fig. 2A) . The fault scarps are well defined within the unconsolidated, coarse granitic-derived sand of Qf1 as well as at the interface of alluvial fan deposits and bedrock. The large landslide to the southeast of Deep Springs College, a series of debris flows, Qdf, and recent stream sand and gravel, Qal, have been deposited across these fault scarps (Fig. 2, A, B, and C) . Topographic profiling of 16 fault scarps developed within Qf1, 6 from the westernmost fault scarps west of Soldier Pass and 10 from the graben east of Deep Springs College (Fig.  2, D and E) , shows that these are not composite scarps (Fig. 7) . Therefore, the average surface offset (Fig. 6 ) of 2.7 Ϯ 0.9 m measured on these scarps is the result of a single rupture event.
The radiocarbon age of 1.960 Ϯ 0.055 ka (sample 95-54C; Fig. 2A ) from a fragment of detrital charcoal within Qf1 deposits provides a maximum age for the most recent groundrupturing earthquake. We have also estimated the age of young fault scarps by using morphologic dating. Morphologic dating compares model profiles to observed profiles (e.g., Arrowsmith et al., 1998; Arrowsmith, 1995; Nash, 1986; Hanks et al., 1984) . The development of the observed profile is a function of time, t, and the value of the rate constant or diffusivity, (m 2 /k.y.); the morphologic age is the product of these two variables, t (m 2 ) (Arrowsmith et al., 1998; Arrowsmith, 1995; Hanks et al., 1984) . Therefore, if we have an independent estimate of , we can determine t, or alternatively, if we have an independent estimate of t, we can determine . To determine the morphologic age of the fault scarp, we forward-model initial profiles, using the numerical method of Arrowsmith (1995) and Arrowsmith et al. (1996) , and iterate the morphologic age until a best fit is obtained between model and observed profile (Fig.  8A) . A root mean square (RMS) of the misfit between the model profile and the observed profile is determined (Avouac, 1993; Arrowsmith et al., 1998) . A plot of RMS versus morphologic age (Fig. 8B) passes through a welldefined minimum (RMS min ); the uncertainty of the model fit is determined by defining confidence intervals on the best-fitting profile for those that fit the observations within 5 cm of RMS min (Avouac, 1993; Arrowsmith et al., 1998) . If we specify a diffusivity constant we can calculate the elapsed time for the initial scarp to degrade to the observed scarp. For scarps in Deep Springs Valley, we have chosen a value of 1.1 m 2 /k.y., which was shown by Hanks et al. (1984) to be generally applicable, as a first approximation, to the modification of unconsolidated alluvial shoreline scarps of Lake Bonneville. To model a set of fault scarps successfully, the following conditions and assumptions must be met (Arrowsmith, 1995; Arrowsmith et al., 1998) .
1. There are no subsequent changes in elevation following the rupture event.
2. There is more material available for erosion than transport processes are able to take away and the material must be unconsolidated.
3. No material is transported in or out of the profile.
4. Material transport rate is proportional to the local slope, and this process is dominated by rain splash, animal-induced disturbances, and soil creep.
5. Normal fault scarps developed in unconsolidated alluvial deposits typically slump to the angle of repose (35Њ) within a few hundred years after a surface rupture event (e.g., Arrowsmith and Rhodes, 1994; Hanks and Andrews, 1989; Wallace, 1980) . Because this is not a diffusive process, we assume, for modeling purposes, that it occurs relatively rapidly after the formation of the scarp.
Diffusion erosion modeling of the profiles measured across the scarps west of Soldier Pass and east of Deep Springs College (Figs. 2, D and E, 7, and 8) yield morphologic ages that range from 0.4 m 2 to 9.0 m 2 , with a weighted mean morphologic age of 1.9 Ϯ 0.5 m 2 (Table 3) . Assuming a diffusivity value of ϭ 1.1 m 2 /k.y. yields a weighted mean elapsed time since the scarp-forming event of 1.7 Ϯ 0.5 k.y. (Table 3; Fig. 9 ). The age determined from diffusion erosion modeling is consistent, within 1 error, with the charcoal age. Therefore, we conclude that the most re- *Age and its uncertainty, Ϯ⌬ age, is the elasped time since the fault scarp forming event and is determined by dividing the value (i.e. morphologic age) by the calculated value of 1.1 m 2 /k.y. determined from Lake Bonneville shoreline scarps (Hanks et al., 1984) . † The calculated ages for these profiles do not overlap, at the 1 level, with all of the other calculated profile ages and are therefore not included in the calculation of the weighted mean morphologic age and weighted mean elapsed time of 1.9 Ϯ 0.5 m 2 and 1.7 Ϯ 0.5 k.y., respectively. See Figure 9 caption for more details.
cent earthquake along the Deep Springs fault occurred ϳ1800 yr ago.
From the surface expression of this most recent fault scarp, we can assess the seismic moment (M o ) and moment magnitude (M w ) for this earthquake. The seismic moment is defined as M o ϭ SA (Hanks et al., 1975) , where ϭ shear modulus, S ϭ magnitude of slip, and A ϭ area of slip. If we assume an initial fault dip of 60Њ, consistent with the Coulomb law of failure for normal faults, an average surface offset of 2.7 m yields a dip-slip magnitude of 3.1 m. Given a fault rupture length of ϳ20 km, a depth of 15 km, the characteristic depth for large normal fault earthquakes within the Basin and Range Province (Rogers et al., 1991) , and 60Њ fault dip, yields a fault rupture area of 345 km 2 . Using an average shear modulus, ϭ 3 ϫ 10 11 dyne-cm, yields an estimated seismic moment, M o ϭ 3.2 ϫ 10 26 . To calculate moment magnitude, M w , we use the equation of Hanks and Kanamori (1979) , M w ϭ 2/3log M o Ϫ 10.7, which yields an estimated M w ϭ 7.0 for the most recent earthquake.
On the basis of a large empirical database, Wells and Coppersmith (1994) developed a set of equations that relate M w to rupture length, average displacement, and maximum displacement. Using these equations for a rupture length of 20 km, average surface offset of 2.7 m, and maximum surface offset of 4.6 m (Table 3) yields an estimated M w that ranges from 6.6 to 7.3 for the Deep Springs fault.
Assuming that a surface offset of 2.7 Ϯ 0.9 m is characteristic of surface rupture along the Deep Springs fault and that the ϳ0.9 mm/yr vertical slip rate since the eruption of the Bishop Tuff estimated for the fault east of Deep Springs College holds for the entire Deep Springs fault, then the recurrence interval for earthquakes with a M w ഠ 7.0 is 2Ϫ4 k.y.
REGIONAL KINEMATICS
A recently proposed model for the eastern California shear zone in the Death ValleyϪOwens Valley regions (Fig. 1A) suggests that the kinematic framework of this zone is changing rapidly (Dixon et al., 1995) . This kinematic model predicts that the locus of rightlateral shear has shifted or is in the process of shifting from the Death Valley fault zone to the Owens Valley fault zone. Furthermore, the model suggests that northeast-striking, northwest-dipping normal faults, such as the Deep Springs fault, Eureka Valley faults, and Towne PassϪEmigrant fault system, transfer slip from the Owens Valley and Hunter MountainϪPanamint Valley fault zones to the northern Death ValleyϪFurnace Creek and Fish Lake Valley fault zones (Fig. 1A) . This model also predicts that slip along these normal faults progresses from southeast to northwest; the Towne PassϪEmigrant fault system is the oldest and currently least active, whereas the Deep Springs fault is the youngest and currently most active.
The Deep Springs fault, as well as the other northeast-striking, northwest-dipping normal faults, defines right steps between the Owens Valley, Hunter MountainϪPanamint Valley, and Death ValleyϪFurnace CreekϪFish Lake Valley fault zones (Fig. 1A) . Right steps in the Death Valley and Hunter MountainϪPanamint Valley fault zones are associated with the Death Valley and Panamint Valley pull-apart basins, respectively (Burchfiel et al., 1987; Burchfiel and Stewart, 1966; Oswald, 1998) , and Deep Springs Valley is analogous to these larger basins. Our work shows that the Deep Springs fault is a young and currently active normal fault, thus supporting one aspect of the model. However, seismicity and geomorphic evidence for young slip indicate that the other normal faults are also still active, and therefore these faults define a zone of distributed deformation between subparallel strike-slip faults (Fig. 1A) . Fault slip is still occurring on the Panamint ValleyϪHunter Mountain system (Fig. 1) . Zhang et al. (1990) reported a Holocene slip rate of 2.4 Ϯ 0.8 mm/yr for the southern Panamint fault, and Oswald (1998) established that fault scarps along the Hunter Mountain fault system crosscut Holocene deposits, as do right-stepping normal faults at the northern end of the fault system in Saline Valley. The May 17, 1993, M W ϭ 6.1 Eureka Valley earthquake on a normal fault (CalTech TERRAscope solution; Massonnet and Feigl, 1995; Peltzer and Rosen, 1995) confirms that this segment of the distributed zone of deformation is still active. Furthermore, a fault scarp, with an average surface offset of 1.8 Ϯ 0.7 m, cuts Holocene deposits along the eastern part of the Towne Pass fault (J. Lee, unpublished mapping), indicating that this fault is also still active. These observations are consistent with geodetic data that suggest that the Owens Valley, Fish Lake Valley, Hunter Mountain, and Death Valley fault zones are currently active and have estimated slip rates of 3.0 Ϯ 1.9 mm/yr, 8.4 Ϯ 2.0 mm/yr, 1-3 mm/yr, and 3-5 mm/yr, respectively (Bennett et al., 1997; Savage and Lisowski, 1995; Dixon et al., 2000) .
Initiation of slip along these normal faults, however, appears to young to the northwest. Geologic mapping along the Towne PassϪEmigrant fault system suggests that the Towne Pass fault is a splay in the hanging wall of the Emigrant detachment fault (Hodges et al., 1989) . Hall (1971) and Hodges et al. (1989) inferred that deposition in the hanging wall of the Towne Pass fault began after 3.6 Ma, thus providing an upper age limit for motion along this fault. Slip along the Emigrant fault initiated at least as early as 11.4 Ma and continued to ca. 3.4 Ma (Snyder and Hodges, 
2000)
, considerably earlier than along the Deep Springs fault. Initiation of slip along the normal faults in the region between these two fault systems, however, is unknown.
Two models can potentially explain the mechanism of slip transfer between subparallel strike-slip faults and connecting normal faults (Fig. 10) . The first is the two-dimensional block-rotation model, either with pinned or with floating blocks, of Jackson (1983, 1986) (Fig. 10A) . In the pinned model, fault blocks are pinned to the boundaries of the deforming zone (McKenzie and Jackson, 1986) , whereas in the floating model, fault-block lengths are small compared to the width of the deforming zone and fault blocks float within the zone (McKenzie and Jackson, 1983) . In both models, fault movement and block rotation within a zone of distributed deformation accommodate strike-slip motion between rigid plates. Using the blockrotation model as an analogue, the rigid plates are defined as the blocks to the east of the Fish Lake Valley fault zone and to the west of the Owens Valley fault zone (Fig. 10A) . The relative motion between the two plates must be transtensional in order for extension to occur across the fault blocks, and is given by the large white arrow in Figure 10A , defined by two components: Ϫ2Ta orthogonal to the zone and Wa parallel to the zone. The angular velocity of the blocks is W for the pinnedblock model and W/2 for the floating-block model (Fig. 10A) . Dixon et al. (2000) estimated a present-day extension rate of 1.2 Ϯ 1.4 mm/yr perpendicular to the zone and a total right-lateral slip rate across the zone of 11.4 Ϯ 1.1 mm/yr; thus transtensional motion is permissible. In both the pinned and floating models, motion across fault blocks in the deforming zone is perpendicular to zone boundaries (defined by the large black arrow in Fig.  10A ). Therefore, a key component of this model is that movement along normal faults should be oblique (left lateral and dip slip), and faults and fault blocks should undergo clockwise rotation. However, our work has established that slip along the Deep Springs fault is essentially downdip, and slip along the Towne Pass fault is also downdip (Hodges et al., 1989; Lee, unpublished mapping) , clearly showing that neither block-rotation model adequately explains the transfer of slip between subparallel strike-slip faults.
The second model is a modification of the low-angle displacement-transfer system of Oldow et al. (1994) (Fig. 10B ). In this model, high-angle normal faults describe a right-stepping geometry in which the magnitude of extension is proportional to the amount of strikeslip motion transferred. Therefore, the Deep Springs fault transfers ϳ0.7 mm/yr of slip from the Owens Valley fault zone to the Fish Lake Valley fault zone. This represents transfer of ϳ15%-65% of present-day slip along the Owens Valley fault. Continuation of as little as 45% of Owens Valley fault motion northward along the White Mountains fault zone is allowable because this section of the White Mountains fault zone contains some geomorphic evidence for strike-slip faulting, such as deflected stream channels and shutter ridges (dePolo, 1989) . The White Mountains fault zone also underwent a series of primarily strike-slip earthquakes between July and September 1986, including five earthquakes with magnitude (M L ) Ͼ5 (the Chalfant Valley earthquake sequence) (Cockerham and Corbett, 1987) . However, dePolo (1989) described only one locality that shows alluvial landforms offset right laterally, suggesting that right-lateral offsets of alluvial units are scarce. Because geomorphic evidence for strike-slip deformation along the White Mountains fault zone is relatively scarce, especially compared to the Owens Valley fault zone (cf. dePolo, 1989; Beanland and Clark, 1994) , we suggest that much of Owens Valley fault slip is transferred eastward to the Fish Lake Valley fault zone via the Deep Springs fault by a displacement-transfer mechanism.
Within this zone of distributed deformation, the other normal fault systems, such as the Towne Pass fault and Eureka Valley faults (Fig. 1A) , have similar orientations, apparent downdip slips, and settings, suggesting that all these normal faults transfer slip between subparallel strike-slip faults via a displacementtransfer mechanism, as shown in Figure 10B .
CONCLUSIONS
The Deep Springs fault is a northeast-striking, northwest-dipping normal fault that developed along the southeastern edge of the Deep Springs Valley, an enclosed basin within the White and Inyo mountains. The Deep Springs fault cuts a basement of pre-Cenozoic rocks as well as Quaternary alluvial deposits, tuffs, and basalts. We estimate that slip along the fault began ca. 1.7 Ma at a horizontal extension rate of ϳ0.7 mm/yr. The fault is characterized by multiple fault planes and fault scarps that become progressively younger toward the sedimentary basin. The youngest set of fault scarps cuts across Holocene alluvial fan deposits and yields an average surface offset of 2.7 m. Diffusion erosion modeling of these fault scarps and radiocarbon analyses on detrital charcoal found in the footwall of one of these scarps indicates that the most recent surface rupture occurred ϳ1800 yr ago. This earthquake ruptured an ϳ20 km section of the fault, implying that the M W was ϳ7.0. The Deep Springs fault is a displacement-transfer normal fault exposed between two subparallel right-lateral strike-slip faults, the Owens Valley fault and the Fish Lake Valley fault zone. This normal fault is one of several displacement-transfer normal faults within a broad zone of diffuse deformation that accommodates ϳ24% of PacificϪNorth American relative plate motion.
